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Abstract
We have carried out dc magnetic susceptibility, magnetization and specific heat measurements on
thiospinel CuCrZrS4. Below T
∗
C = 58 K, dc magnetic susceptibility and magnetization data show
ferromagnetic behavior with a small spontaneous magnetization 0.27 µB/f. u.. In dc magnetic
susceptibility, large and weak irreversibilities are observed below Tf = 6 K and in the range Tf <
T < T ∗C respectively. We found that there is no anomaly as a peak or step in the specific heat at
T ∗C.
PACS numbers: 75.50.-y, 75.60.Ej, 65.40.Ba, 75.10.Nr
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I. INTRODUCTION
Chalcogenide spinels with the generic chemical formula AB2X4 are well known to show a
number of interesting physical properties. For example, CuRh2S4
1,2,3,4 and CuRh2Se4
2,3,4,5
are superconductors, CuIr2S4 shows a temperature-induced metal-insulator transition due
to a new type charge ordering6,7,8 and FeCr2xIn2(1−x)S4 shows a reentrant spin glass behavior
from a long range antiferromagnetic order.9 Recently, we found the amazing phenomenon of
a pressure-induced superconductor-insulator transition in CuRh2S4.
10,11 CuCr2S4, the parent
compound to CuCrZrS4, is a metallic compound which shows a ferromagnetic transition at
a Curie temperature TC = 377 K with a saturation magnetization of 5 µB/f. u..
12,13,14,15 The
B site Cr ions in CuCr2S4 have valences Cr
3+ (spin angular momentum S = 3/2, magnetic
moment m = 3 µB) and Cr
4+ (S = 1, m = 2 µB).
14,15,16,17 This mixed valence state of Cr
ions results in the metallic conductivity of CuCr2S4. Ferromagnetism with 5 µB/f. u. in
this compound is attribute to the double-exchange interaction between the Cr3+ and Cr4+
anions via the conduction electrons.18,19,20
High-purity specimens of CuCrZrS4 were recently synthesized and investigated through
transport and magnetic measurements by Iijima et al..21 When Zr ions occupy half of the B
sites of CuCr2S4, the temperature dependence of the electric resistivity changes from metal-
lic to semiconducting with an energy gap of 79 K. The Curie temperature simultaneously
decreases to 60 K. In addition, spin-glass behavior is observed below the freezing temper-
ature Tf = 10 K, namely, CuCr2S4 shows reentrant spin glass freezing from the long range
ferromagnetic order. It has been confirmed that the ionic configuration of this compound
is Cu1+Cr3+Zr4+S2−4 . In this letter, we report the dc magnetic susceptibility, magnetization
and specific heat of CuCrZrS4. These results suggest that the ferromagnetic behavior of
CuCrZrS4 is not caused by the long-range ferromagnetic order.
II. EXPERIMENTAL
A polycrystalline specimen was prepared by a direct solid-state reaction as described
previously.21 High purity fine powders of Cu (99.99%), Cr (99.99%), Zr (99.9%) and S
(99.999%) were mixed in stoichiometric ratio and were reacted in a quartz tube at 1023 K
for 7 days. A powder specimen was reground, pressed into a rectangular bar and sintered at
2
1023 K for 2 days. The magnetic measurements were carried out using a Quantum Design
MPMS SQUID magnetometer. The dc magnetic susceptibility was measured as a function
of temperature in 2 ≤ T ≤ 300 K during warm up after cooling to 2 K both in the zero
field (ZFC) and in the measuring field of H = 100 Oe (FC). The magnetization in the
magnetic field range between −45 and 45 kOe at 2 K was measured after ZFC. Specific heat
measurements in the temperature range between 1.8 and 150 K were carried out using a
Quantum Design PPMS which is operated by the thermal relaxation method.
III. RESULTS
A. Magnetic properties
Figure 1(a) shows the temperature T dependence of dc magnetic susceptibility χ and
inverse susceptibility χ−1 of CuCrZrS4 at 100 Oe in the temperature range between 2 and
300 K. With decreasing T , χ increases rapidly below T ∗C = 58 K as seen at the Curie
temperatures for ordinary ferromagnetic compounds. T ∗C is defined by the onset of uprise
in χ. As shown by the solid line in Fig. 1(a), magnetic susceptibility above 75 K can be
fitted by the Curie-Weiss law, χ = C/(T − θ), with a paramagnetic Curie temperature θ
= 57 K and a Curie constant C = 1.534 emu/mol·K. The positive θ means the magnetic
interaction in the system is ferromagnetic. The effective magnetic moment µeff obtained
from C is 3.48 µB, which is close to the value of 3.87 µB expected for free Cr
3+ ion. As was
pointed out by Iijima et al.,21 a large irreversibility between χ
FC
and χ
ZFC
is observed in the
low temperature range as shown in Fig. 1(b). This behavior is characteristic of spin-glass
freezing.
In order to discuss the irreversibility in more detail, the difference magnetic susceptibility
∆χ ( = χ
FC
−χ
ZFC
) is calculated and shown in Fig. 2. ∆χ shows an abrupt increase below
Tf = 6 K with decreasing T . ∆χ has a non-zero value even in the range Tf ≤ T ≤ T
∗
C as
shown in the inset of Fig.2.
Figure 3(a) shows the magnetization M vs. field H curve of CuCrZrS4 at 2 K in the
range −45 ≤ H ≤ 45 KOe. M is not saturated in field up to 45 kOe. In lower H range, a
small hysteresis loop is observed as shown in Fig. 3(b). The loop has a small coercive force
of H ∼ 50 Oe which is defined as the field necessary to restore zero magnetization. The
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FIG. 1: (a) Temperature dependence of the dc magnetic susceptibility χ and inverse susceptibility
χ−1 under magnetic field H = 100 Oe in the temperature range 2 ≤ T ≤ 300 K. The solid line is
the best fit by Curie-Weiss law. (b) An expanded plot of χ between 2 and 20 K. The closed and
open circles represent χ measured with field cooled (FC) and zero field cooled (ZFC), respectively.
value of spontaneous magnetization M0, estimated by extrapolation to H = 0 Oe from the
range 10 ≤ H ≤ 50 kOe, is 0.27 µB/f. u., is close to the value reported by Iijima.
21 This
value is only ∼10% of the value expected for a Cr3+ ion.
B. Thermodynamic properties
Figure 4(a) shows the temperature dependence of specific heat CP (T ) of CuCrZrS4 in
the range 1.8 ≤ T ≤ 400 K. At 300 K, CP (T ) reaches 85 % of that estimated from the
Dulong and Petit law (∼ 175 J/K· mol). Remarkably, neither a peak or a step is observed
in CP at T
∗
C as shown in Fig. 4 (b), despite that clear ferromagnetic behavior is observed
from magnetization. Although specific heat measurements with a relaxation method are not
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FIG. 2: Difference magnetic susceptibility ∆χ as a function of T in the range 2 ≤ T ≤ 100 K. The
inset is a plot of ∆χ with expanded vertical scale.
suitable for obtaining the absolute value of CP which has a large temperature dependence
around the 1st order transition, we can confirm whether there is an anomaly in CP . The
absence of an anomaly in the specific heat at T ∗C is still unclear. This unusual behavior will
be discussed later. Figure 4 (c) is the plot of CP/T as a function of T . A broad hump
appears around Tf . It is well known that the specific heat of spin-glass systems such as (Eu,
Sr)S22 and AuFe23 do not show a discontinuity as seen in the 1st and 2nd order transition
but rather a broad hump around the spin-glass freezing temperature. Our result suggests
that spin-glass freezing occurs below Tf .
IV. DISCUSSION
A. Spin-glass behavior in low temperature
In general, spin-glass freezing originates from the frustration of the magnetic interaction
in the system. We will discuss the frustration in CuCrZrS4. As mentioned above, CuCr2S4
has metallic conductivity which is attributed to the mixed valence of Cr ions (Cr3+ and Cr4+)
and the ferromagnetism due to the double-exchange interaction between Cr ions via conduc-
tion electrons. When half of the Cr ions of CuCr2S4 are substituted by Zr ions, the electric
configuration is Cu1+Cr3+Zr4+S2−4 , and the transport properties become semiconductive.
21
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FIG. 3: Magnetization as a function of the magnetic field H at 2 K. (a) M(H) in the range
−45 ≤ H ≤ 45 kOe. (b) An expanded plot of M(H) in the range −2 ≤ H ≤ 2 kOe.
This behavior can be explained by a variable range hopping (VRH) conduction.24 This
means that the number of conduction electrons in CuCrZrS4 decrease with decreasing tem-
perature. The decrease in the number of conduction electrons gives rise to the reduction
of the double-exchange interaction and relative enhancement of the superexchange antifer-
romagnetic interaction between Cr3+ anions via S2− cations at low temperature. The Cr3+
anions in CuCrZrS4 have a tetrahedral network with each Cr
3+ anions. When the interaction
between Cr3+ anions is antiferromagnetic, the tetrahedral network causes strong geometrical
frustration in the system. This is similar to behavior in the pyrochlore crystal structure.25
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FIG. 4: (a) Temperature dependence of specific heat CP in the range 1.8 ≤ T ≤ 400 K. (b) An
expanded plot of CP (T ) in the range 1.8 ≤ T ≤ 80 K. (c) Temperature dependence of specific heat
divided temperature, CP /T in the range 1.8 ≤ T ≤ 80 K.
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B. Specific heat
Now we discuss why there is no anomaly at T ∗C in CP (T ) from the viewpoint of the phase
with and without the ferromagnetic long range order below T ∗C.
In the first case, one can consider the coexistence of the itinerant and the localized spins
in t2g orbital. Some of Cr compounds have large density of states (DOS) which predomi-
nantly consist of one of the t2g in 3d orbital of the Cr ions close to below the Fermi level that
is occupied by the localized spins.26,27 On the other hand, other t2g orbitals are strongly
hybridized with p orbitals of the anions in the compound and form the dispersive bands
which have the itinerant spins. This picture leads to the coexistence of the localized and
the itinerant spins in the t2g orbital electrons. The itinerant spins that belong to the d
(t2g)-p hybridized bands tend to polarize the localized spins because of Hund’s rule cou-
pling, resulting in a ferromagnetic exchange interaction which is often called a self-doped
double exchange interaction.27 This mechanism is very similar to that of the double exchange
interaction between the localized t2g electrons and the itinerant electrons in the d (eg)-p hy-
bridized bands in the Zener model.28 Recently, Granado et al. studied the neutron scattering
and specific heat of LaCrSb3.
29 They reported that LaCrSb3 shows the ferromagnetic long
range order at TC = 126 K and nevertheless no peak or step appears in specific heat at TC.
They suggested that unconventional magnetic behavior results from that the localized spins
which are strongly polarized even above TC by the self-doped double exchange interaction.
This situation can be responsible for entropy transfer to higher temperature, and released
entropy at TC is small. Consequently, an anomaly in CP at TC is too small to be observed.
Although the band structure of CuCrZrS4 is not clarified yet, if the localized moments in
CuCrZrS4 are strongly polarized by the itinerant electrons due to a mechanism similar to
that of ferromagnetism in LaCrSb3, no anomaly at T
∗
C in specific heat might be explained.
As the second case, we suggest the possibility of successive spin-glass freezing at Tf
and T ∗C. Existence of small (Tf ≤ T ≤ T
∗
C) and large (T ≤ Tf) irreversibility in ∆χ is
similar to successive spin-glass freezing seen in the spin-glass material Ni0.42Mn0.58TiO3.
30 As
mentioned in section IV-A, this system has competing ferromagnetic and antiferromagnetic
exchange interactions. With decreasing T , the number of conduction electrons decrease,
and the superexchange interaction gradually grows stronger. This promotes variation of
the strength of geometric frustration with decreasing T , and might be the origin of the
8
successive spin-glass freezing. If spin-glass freezing occurs below T ∗C, no discontinuously at
T ∗C in specific heat would be observed. Unfortunately, the broad hump around T
∗
C in specific
heat which is characteristic of spin-glass freezing, is not observed due to the difficulty of
separating the phonon contribution from total specific heat. Appearance of small M0 in
the low temperature range might originate from the spin glass freezing with the short range
ferromagnetic correlation. In order to clarify why no discontinuously at T ∗C in specific heat
is observed, detailed studies are needed.
V. CONCLUSION
We have studied the magnetic and thermodynamic properties of the thiospinel compound
CuCrZrS4 which has been reported to show long-range ferromagnetic order at 60K and
spin-glass freezing at 10 K. The dc magnetic susceptibility and magnetization curve show
ferromagnetic behavior below T ∗C = 58 K with a small spontaneous magnetization 0.27 µB/f.
u.. With decreasing temperature, the irreversibility in dc magnetic susceptibility appears at
T ∗C, and increases abruptly at Tf = 6 K. In specific heat, no magnetic discontinuity is observed
in the temperature range we measured. We discussed the origin of no magnetic discontinuity
in specific heat from the viewpoint of the phase with and without the ferromagnetic long
range order below T ∗C.
Acknowledgments
This work was partially supported by Grant-in-Aids for COE Research (No. 13CE2002),
the Scientific Research (No.16740205, No. 17340113) from the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan, and aid funds from Energia, Inc (Hiroshima)
and the Asahi Glass Foundation (Tokyo).
∗ Also at Institute of Pure and Applied Physical Sciences, University of California at San Diego,
La Jolla, California 92093
1 T. Bitoh, T. Hgino, Y. Seki, S. Chikazawa, and S. Nagata, J. Phys. Soc. Jpn. 61, 3011 (1992).
9
2 T. Hagino, Y. Seki, N. Wada, S. Tsuji, T. Shirane, K. I. Kumagai, and S. Nagata, Phys. Rev.
B 51, 12673 (1995).
3 N. H. Van Maaren, G. M. Schaeffer, and F. K. Lotgering, Physics. Lett. A 25, 238 (1967).
4 R. N. Shelton, D. C. Jhonston, and H. Adrian, Solid State Commun. 20, 1077 (1976).
5 T. Shirane, T. Hgino, Y. Seki, S. Chikazawa, and S. Nagata, J. Phys. Soc. Jpn. 62, 374 (1993).
6 S. Nagata, T. Hagino, Y. Seki, and T. Bitoh, Physica B 194-196, 12673 (1995).
7 P. G. Radaelli, Y. Horibe, M. J. Gutmann, H. Ishibashi, C. H. Chen, R. M. Ibberson, Y.
Koyama, Y-S. Hor, V. Kiryukhin, and S-W Cheong, Nature (London) 416, 155 (2002).
8 T. Furubayashi, T. Matsumoto, T. Hagino, and S. Nagata, J. Phys. Soc. Jpn. 63, 3333 (1994).
9 E. Moreno, V. Sagredo, and G. F. Goya, Physica B 291, 190 (2000).
10 M. Ito, J. Hori, H. Kurisaki, H. Okada, A. J. Perez Kuroki, N. Ogita, M. Udagawa, H. Fujii, F.
Nakamura, T. Fujita, and T. Suzuki, Phys. Rev. Lett. 91, 077001 (2003).
11 M. Ito, H. Kurisaki, F. Nakamura, T. Fujita, T. Suzuki, J. Hori, H. Okada, and H. Fujii, J.
App. Phys. 97, 10B112 (2005).
12 T. Kanomata, H. Ido, and T. Kaneko, J. Phys. Soc. Jpn. 29, 232 (1970).
13 K. Obayashi, Y. Tominaga, and S. Iida, J. Phys. Soc. Jpn. 24, 1173 (1968).
14 F. K. Lotgering, Solid State Commun. 2, 143 (1964).
15 M. Robbins, A. Menth, M. A. Mikosovsky, and R. A. Sherwood, J. Phys. Chem. Solid. 31, 423
(1970).
16 F. K. Lotgering, and R. P. van Stapele, Solid State Commun. 5, 143 (1967).
17 J. Krok-Kowalski, J. Warczewski, and K. Nikiforov, J. Alloys Compounds 315, 62 (2001).
18 C. Zener, and R. R. Heikes, Rev. Mod. Phys. 25, 191 (1953).
19 Ferro-Magnetic Materials, edited by E. P. Wohlfarth, A handbook on the properties of magnet-
ically ordered substances Vol. 3 (North-Holland, Amsterdam, 1982), p 603.
20 A. Kimura, J. Matsuno, J. Okabayashi, A. Fujimori, T. Shishidou, E. Kulatov, and T.
Kanomata, Phys. Rev. B 63, 224420 (2001).
21 Y. Iijima, Y. Kamei, N. Kobayashi, J. Awaka, T. Iwasa, S. Ebisu, S. Chikazawa, and S Nagata,
Phil. Mag. 83, 2521 (2003).
22 D. Meschede, F. Steglich, W. Felsch, H. Maletta, and W. Zinn, Phys. Rev. Lett. 44, 102 (1980).
23 K. A. Mirza, and J. W. Loram, J. Phys. F 15, 439 (1985).
24 T. Furubayashi, H. Suzuki, N. Kobayashi, and S. Nagata, Solid State Commun. 131, 505 (2004).
10
25 S. T. Bramwell, and M. J. P. Gingras, Science 294, 1495 (2001).
26 M. A. Korotin, V. I. Anisimov, D. I. Khomskii, and G. A. Sawatzky, Phys. Rev. Lett. 80, 4305
(1998).
27 N. P. Raju, J. E. Greedan, M. J. Ferguson, and A. Mar, Chem Matter 10, 3630 (1998).
28 C. Zener, Phys. Rev. 81, 403 (1951).
29 E. Granado, H. Martinho, M. S. Sercheli, P. G. Pagliuso, D. D. Jackson, M. Torelli, J. W. Lynn,
C. Rettori, Z. Fisk, and S. B. Oseroff, Phys. Rev. Lett. 89, 1072041 (2002).
30 H. Kawano, H. Yoshizawa, A. Ito, and K. Motoya, J. Phys. Soc. Jpn. 62, 2575 (1993).
11
